Abstract The pathogenesis of the second major neurodegenerative disorder, Parkinson's disease (PD), is closely associated with the dysfunction of potassium (K ? ) channels. Therefore, PD is also considered to be an ion channel disease or neuronal channelopathy. Mounting evidence has shown that K ? channels play crucial roles in the regulations of neurotransmitter release, neuronal excitability, and cell volume. Inhibition of K ? channels enhances the spontaneous firing frequency of nigral dopamine (DA) neurons, induces a transition from tonic firing to burst discharge, and promotes the release of DA in the striatum. Recently, three K ? channels have been identified to protect DA neurons and to improve the motor and non-motor symptoms in PD animal models: small conductance (SK) channels, A-type K ? channels, and K V 7/KCNQ channels. In this review, we summarize the physiological and pharmacological effects of the three K ? channels. We also describe in detail the laboratory investigations regarding K ? channels as a potential therapeutic target for PD.
Introduction
Parkinson's disease (PD) is the second most common and debilitating age-associated human neurodegenerative disorder, characterized by cardinal motor symptoms such as static tremor, bradykinesia, and muscle rigidity. PD patients also exhibit non-motor symptoms in the early stage of the disease. The neuropathological feature of PD is the degenerative lesion of dopamine (DA) neurons in the mesencephalic substantia nigra (SN)-striatum pathway, leading to the loss of SN DA neurons and the formation of Lewy bodies. However, the etiology of PD has yet to be fully uncovered. Many factors such as apoptosis, mitochondrial dysfunction, nigral iron accumulation, and oxidative stress are thought to be involved in the process of neurodegeneration [1] . Therefore, it is difficult to pinpoint a single therapeutic target and evaluate its potential application. Currently available therapeutic methods include pharmacotherapy, functional neurosurgery, gene therapy, and cell-based therapy [2] . However, the most commonly used drug in clinical practice is levodopa. Since many side-effects occur after prolonged treatment with levodopa, it is urgent to explore new targets for pharmacological intervention.
Recently, potassium (K ? ) channels have been proposed as possible new therapeutic targets in PD. The K ? ion is indispensable to life. It establishes the cell resting membrane potential, regulates neurotransmitter release and neuronal excitability, and maintains cellular homeostasis and cell volume [3] . According to their structure, firing characteristics, and physiological and pathological effects, (K2P: K2P1-K2P7, K2P9-K2P10, K2P12-K2P13, K2P15-K2P18 or KCNK) [4] . Almost all the K ? channels exist in the SN-striatum system. Based on their central positions in metabolic and signaling pathways, K
? channels are increasingly recognized as potential targets for pharmacological intervention in PD [5] . For example, our recent finding has shown that the activation of ATP-sensitive K ? (K ATP ) channels by diazoxide results in hyperpolarization of the membrane potential and increases iron uptake in the DAergic SK-N-SH cells, leading to an increase in intracellular iron levels and a subsequent decrease in the mitochondrial membrane potential and increase in reactive oxygen species production [6] . The activation of G-protein-gated inward-rectifying K ? (GIRK) channels can lead to a hyperpolarizing effect of somatodendritic D2-subtype autoreceptors (D2-ARs) in DA neurons to inhibit the negative feedback loop through which DA itself binds with D2-ARs to decrease cell firing and somatodendritic DA release [7] . There are several excellent reviews on the potential therapeutic roles of K ATP channels and GIRK channels in PD [8] [9] [10] [11] . Recent studies have also focused on the roles of both SK and Kv channels in the treatment or prevention of PD [12] [13] [14] . Therefore, in this review, we mainly focus on the most favorable K ? channels, SK channels, A-type K ? channels, and K V 7/KCNQ channels in the pathogenesis of PD, and whether modulation of these channels can provide a new therapeutic target in PD treatment.
Roles of SK Channels in PD
SK channels are macromolecular protein complexes with a special pore-like structure. They are activated when the cytoplasmic concentration of Ca 2? is increased. However, there is no Ca 2? -binding domain in SK channels; calmodulin constitutively binds to the proximal part of the C-terminus and acts as the Ca 2? sensor [15] . Recent studies have also demonstrated that the sensitivity of SK channels to Ca 2? concentration is influenced by the phosphorylation state of calmodulin [15, 16] . After Ca 2? binds to calmodulin, the SK channels are activated, leading to hyperpolarization of the cell membrane potential and a subsequent reduction in excitability [17] . SK channels play an essential role in the regulation of midbrain DAergic neuronal activity patterns, as well as the excitability of other types of neurons in the basal ganglia. The activation of SK channels in nigral DAergic neurons produces a medium afterhyperpolarization following a single action potential, regulating spike frequency adaptation and the frequency and precision of pacemaker activity [18] [19] [20] .
The blockade of SK channels promotes N-methyl-Daspartate-induced irregular burst firing in DAergic neurons and activates Ca 2? -dependent signaling pathways, which enhance the release of DA in the striatum and relieve the symptoms of PD [21] [22] [23] .
The subfamily of SK channels includes SK1, SK2, SK3, and SK4 [24] . The SK1-3 members are expressed differentially in excitable tissues of the brain and in peripheral tissues, whereas the SK4 channel only exists in nonexcitable tissues, such as placenta and lung [25] . In the brain, the SK1 and SK2 channels are highly expressed in cortex and hippocampus, while the SK3 channel is particularly abundant in subcortical areas, especially in the monoamine cell group regions, such as the SN, dorsal raphe, and locus coeruleus [26] . A recent study has reported that the expression of SK channels in the basal ganglia is modified in parkinsonian rats. In situ hybridization of SK2 and SK3 mRNA was performed at 1, 8 or 21 days after surgery in sham rats and lesioned rats with bilateral infusions of 6-hydroxydopamine (6-OHDA) into the striatum. A significant decrease of SK3 channel expression was found in the SN pars compacta (SNc) of lesioned rats at three time points, with no change of SK2 channel expression. However, an upregulation of SK2 mRNA was found in the subthalamic nucleus at 21 days after the lesion [27] .
Currently, there is no consensus on the role of SK channel blockade and activation in the treatment of PD. Many studies have found that blocking SK channels with bee venom (BV) and its specific component, apamine, improves the symptoms of PD both in vivo and in vitro. However, activation of SK channels by their agonists has also been reported to attenuate neurotoxin-induced DAergic neuronal death (Table 1) . For example, in the acute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD, bilateral acupoint stimulation of the lower hindlimbs with BV prevents the loss of tyrosine hydroxylase (TH) immunoreactivity in the SN and striatum through the inhibition of Jun activation [28] . Intraperitoneal injection of BV into the chronic MPTP mouse model and hemi-parkinsonian 6-OHDA lesion model also has protective effects on nigral DAergic neurons and improves motor performance [12, 29] . Similarly, subcutaneous injection of BV antagonizes MPTP-induced TH cell loss and microglial activation [30] . In addition, by in vivo electrophysiological recordings and analyzing the neuronal responses evoked by motor cortex stimulation, Maurice et al. showed that BV reverses the 6-OHDA-and neuroleptic-induced biases in basal ganglia sub-circuits [12] . However, a recent clinical randomized double-blind study did not show any clear symptomatic or diseasemodifying effect of monthly BV injections over a 11-month period compared to placebo. But this study suggested that a higher administration frequency and possibly higher individual doses of BV may reveal its potency in treating PD [31] .
Apamin is a crucial component of BV, and has a much higher ability to penetrate the blood-brain barrier. In a model system of midbrain culture that mimics the selective demise of DAergic neurons in PD, apamin was first demonstrated to protect DAergic neurons [32] . In this model, blockade of SK channels causes a small increase in the excitability of DAergic neurons and a moderate but persistent elevation of cytosolic Ca 2? , which leads to the activation of the Ca 2? -dependent signaling pathway required to prevent apoptosis [32, 33] . Later, apamine was shown to protect against MPTP/6-OHDA-induced ? '' neurons, or toward the TH -phenotype, embodied in the higher discharge rate and the shortened time of action potentials and afterhyperpolarization [34] . Indeed, previous studies have shown that facilitation of SK channels shifts the electrophysiological phenotype in the opposite direction [20, 35] . Recent findings have also demonstrated that activation of the SK channel by its agonist 1-EBIO attenuates 6-OHDA-induced DAergic neuronal firing irregularity and the subsequent neuronal death [36] . Dolga et al. have also shown that the pharmacological SK channel activator 6,7-dichloro-1H-indole-2,3-dione 3-oxime (NS309), a derivative of 1-EBIO, provides neuroprotection to human dopaminergic LUHMES cells in a model of rotenone toxicity. More importantly, they first reported that the SK2 channel primarily resides in the mitochondrial membrane. Therefore, NS309 might target SK channels in both the plasma membrane and mitochondria to reduce DAergic neuronal vulnerability triggered by mitochondrial dysfunction after rotenone challenge [37] .
The possible mechanisms of the neuroprotective effects of SK channel activation involve the inhibition of NMDA receptor-mediated excitotoxicity [37] [38] [39] . Over-activation of NMDA receptors enhances burst firing and produces an excessive increase of DA that spontaneously oxidizes or is deaminated by monoamine oxidase to yield large amounts of toxic products; meanwhile, the activation of SK channels may provide a more permissive environment for increased DA (TH) synthesis in SNc neurons [10, 34, 40] . On the other hand, SK channels may directly regulate NADPH oxidase or the mitochondrial matrix, thus inhibiting the injury due to reactive oxygen species [41] .
Roles of A-Type K 1 Channels in PD
Kv4 generates the A-type K ? current and includes four asubunits that have six transmembrane domains (S1-S6). S5 and S6 of the four a-subunits form a pore domain (P-loop) in Kv4 channels, allowing selective ion permeability; S1-S4 of the four a-subunits form the voltage-sensor domain [42] . Auxiliary Kv channel-interacting proteins (KChIPs) co-assemble with the pore-forming Kv4-subunits to form a native K ? channel complex and regulate the expression and gating properties of Kv4 currents. The Kv4 family in mammals is composed of three distinct genes: Kv4.1, Kv4.2, and Kv4.3. Kv4.2 and Kv4.3 are expressed abundantly in the brain, especially in midbrain DAergic neurons [43] . Recent findings have reported changes of Kv4.3 expression in both PD animal models and PD patients. Immunohistochemistry has shown a selective increase of Kv4.3 expression in the SNc in 7-8 month-old A53T mice [44] . What is more, cell-specific RT-qPCR analysis has identified elevated mRNA levels of Kv4.3 in the remaining TH ? SN DAergic neurons from PD patients [45] . Kv4.3 interacts with KChip3 to generate the A-type K ? current, the rapidly inactivating transient component of the outward K ? current present in SNc DAergic neurons [46, 47] . Functional studies have also revealed an A-type K ? channel in DAergic neurons of the SN that contributes to pacemaker control of their tonic activity [46] . Inhibition of A-type K ? channels results in depolarization and an increase in excitability converting the neuronal tonic firing mode to burst firing, thus enhancing the release of DA [48, 49] .
Kv4.2 mRNA abundance is linearly related to A-type K ? current amplitude in striatal medium spiny neurons (MSNs) [50] . This may integrate a variety of intracellular signaling cascades into a coordinated output that dynamically modulates membrane excitability [42] . Activation of Kv4.2 induces the generation of somatodendritic A-type K ? channels in MSNs [50, 51] . Nigrostriatal DA neurodegeneration in PD causes a loss of spinal and glutamatergic synapses in the striatal MSNs. Adaptive responses, a form of homeostatic plasticity, to decreases of A-type K ? channels can enhance the intrinsic excitability of MSNs in order to compensate for the loss of glutamatergic synapses [52, 53] .
AmmTX3, a member of the scorpion toxin a-KTX15 family, is a selective blocker of Kv4 channels [53, 54] . Striatal infusion of AmmTX3 reduces motor deficits, decreases anxiety, and restores short-term social and spatial memory in 6-OHDA-treated rats [55] . In addition, 4-aminopyridine, another powerful blocker that inhibits A-type K ? channels, also attenuates functional asymmetry in the apomorphine-induced rotational test in 6-OHDAinduced rats [48, 56, 57] . Furthermore, glial cell-derived neurotrophic factor, which regulates the development and function of the nervous system, rapidly and reversibly inhibits A-type K ? channels in midbrain DAergic neurons by activating mitogen-activated protein kinase, which also suggests the A-type K ? channel as a potential therapeutic target in PD [58] .
Roles of Kv7/KCNQ Channels in PD
M-current is a subthreshold voltage-gated K ? current generated by Kv7/KCNQ channels. The KCNQ family consists of five members (KCNQ1-KCNQ5 or Kv7.1-Kv7.5), which are mainly expressed in the central and peripheral nervous systems. KCNQ2 and KCNQ4 are mainly confined to certain areas of the brain, such as the SN and ventral tegmental area of the midbrain [59] [60] [61] [62] . In the striatum, GABAergic medium spiny projection neurons express KCNQ 2, 3,and 5 [63, 64] . And DAergic striatal nerve terminals express KCNQ2 and KCNQ3 [62] .
M-current can modulate the firing frequency of mesencephalic DAergic neurons. The activator of KCNQ channels induces hyperpolarization of DAergic neurons and inhibits spontaneous or synaptically-induced excitatory activity [59, 65] . It has been shown that Kv7 channels located at both pre-and postsynaptic sites within the striatum may be targeted by the opener retigabine; this provides an effective molecular mechanism to counteract the strong excitatory effect of DA D2 receptor inhibition in vivo [66] . Blockade of KCNQ channels by XE991 promotes action potentials in DAergic neurons and potentiates burst firing, thus increasing their excitability [67, 68] . Moreover, XE991 also enhances suprathreshold synaptic responses and promotes the depolarization of GABAergic striatal projection neurons, which may affect the behavior of the whole striatal microcircuit [14] .
Since the excitability of nigral DA neurons that supply the striatum with DA determines the function of the nigrostriatal system for motor coordination, one practical approach for alleviating PD symptoms is to enhance the excitability of surviving DAergic neurons in the SNc. Our group first investigated the neuroprotective effect of XE991 in a haloperidol-induced PD rat model. In this study, intraperitoneal injection of haloperidol was used to induce symptoms of catalepsy with characteristics of rigidity and akinetic posturing. Administration of XE991 into the SNc attenuated the catalepsy elicited by systemic administration of haloperidol [67] . In addition, our latest data also indicated that XE991 has neuroprotective effects against 6-OHDA-induced degeneration of the nigrostriatal DA system and attenuates motor dysfunction (unpublished data). The KCNQ channel opener retigabine has also been used to attenuate the levodopa-induced dyskinesias in 6-OHDA-lesioned rats. As enhanced activity of GABAergic striatal projection neurons is responsible for the pathology of motor fluctuations and dyskinesia, in longterm treatment with levodopa, compounds which reduce the activity of striatal MSNs might have anti-dyskinetic effects [69] .
Conclusion
Clinical drugs are used to treat PD either by boosting the levels of DA in the striatum or mimicking the effects of DA. Symptomatic treatment is efficacious, but currently no drugs can slow the disease progression. Therefore, it is urgent to explore new treatment methods. In this review, we comprehensively describe three potential targets for PD treatment: SK channels, A-type K ? channels, and Kv7/ KCNQ channels (Fig. 1) . Activators or blockers of these three K ? channels can modulate the firing patterns in surviving SNc DA neurons and the excitability of striatal projection neurons to powerfully correct the motor symptoms in PD rat models. However, there is still a long way to go before we achieve a better performance of drugs that affect K ? channels in clinical trials. Whether potential pharmacological interventions in laboratory tests can be translated into clinical therapy still needs further confirmation.
